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us. [6] [7] [8] All simulations were performed at 300 K in the NPT ensemble with a time step of 2 fs. The PME method was used to handle the electrostatic interactions. 9 Of the 11 lysine and 15 arginine residues found in p97-N (20-187 aa), only six lysines (K20, K60, K62, K63, K109, K112) and seven arginines (R22, R53, R64, R86, R95, R113 and R159) formed conserved inclusion complexes during the MD simulations. In addition, MD simulations with five tweezer molecules bound to p97-N were performed to explore the possibility of simultaneous binding of multiple tweezers. The tweezers were initially placed forming inclusion complexes with K20, K63, R89 and R159. The fifth tweezers molecule was placed near K148 as in the 1:1 complex. Three independent replicas of 50 ns each were performed under the same conditions as the 1:1 complexes.
QM/MM optimizations of five randomly selected snapshots from the MD simulations of the conserved 1:1 complexes were performed to estimate the relative preference of tweezers toward specific residues on the protein surface. We used the program ChemShell v3.4 (ChemShell, see www.chemshell.org) with Turbomole 5.10 for the QM region and DL_POLY as driver of the CHARMM22 force field in the MM region. [10] [11] [12] The QM region, which included all atoms of tweezers and some lateral chain atoms of lysine and arginine ( Figure S3 ), was treated at the B3LYP-D2/SVP level of theory. [13] [14] [15] Open valences at the QM/MM border were saturated using hydrogen link atoms and an electrostatic embedding scheme was used. 16, 17 To avoid over-polarization of the QM region at the boundary, a charge shift scheme was applied. 18 No electrostatic cut offs were used. The optimization was performed with the HDLC optimizer. 19 The active region consisted of a 13 Å sphere centered on the middle ring of the hydrogen phosphate tweezers. All atoms within the active region were allowed to freely move in each optimization step. The lowest energy of the QM region (E) for each type of amino acid was set to 0 kcal/mol and taken as a reference. Analysis of the relative averaged energy values allows assigning the preferred amino acid binding site in all patches (Table S2 ).
Isothermal Titration Calorimetry (ITC)
For ITC experiments, 10 µM of p97-N was titrated in 29 steps with up to 1 mM hydrogen phosphate tweezers in 50 mM KPi, pH 7.2 at 25 °C. The resulting titration curves were subjected to nonlinear regression and hence produced Ka values (Fit-Parameter: N = 0,190, K = 1,75E5, DH = -5,238, DS = -152). Complexation entropy terms (-TΔS) were subsequently derived from free binding energies (ΔG) and complexation enthalpies (ΔH). ITC experiments were carried out on a micro-calorimeter VP-ITC (Malvern, UK).
Fluorescence anisotropy
For fluorescence anisotropy, UBXD1-N was labeled with ATTO594 according to the manufacturer's instructions. The tweezers were pre-incubated with p97-N in different protein/ligand ratios ranging from 1:0 to 1:0.5 and titrated in several steps until a final concentration ratio of 450 µM p97-tweezers complex to 1 µM UBXD1-N was reached. Fluorescence anisotropy was measured at a Cary Eclipse Fluorescence spectrometer (Agilent Technologies, Germany) in 50 mM KPi, pH 7.2 with 0.05 % Tween at 21 °C.
ELISA
For an ELISA, we have coated wells (nunc, Maxisorp) with the indicated concentrations of UBXD1-N 1-133 (30-210 nM) in NaPi buffer (50 mM NaPi, pH 7.3) at 30 °C for 1 h, followed by 3 wash steps with NaPiT (+ 0.1 % tween, 5 min each). Blocking was done with 5 % milk powder in NaPiT at 30 °C for 1 h. Afterwards 1.2 μM p97-N and various tweezers concentrations (0-50 μM) in NaPiT with 1 % milk powder were added simultaneously and incubated at 30 °C for 1 h. 3 wash steps (5 min each) followed with NaPiT. For detection of the complex wells were incubated with an α-pentaHis antibody (1:4000, Qiagen) in NaPiT with 1 % milk powder at 30 °C for 1 h. After another 3 wash steps with NaPiT (5 min each), 50 μl/well TMB (Pierce) substrate for 15 min was added and the reaction was stopped with 50 μl/well 2N H2SO4. The TMB absorption was measured at 450 nm with an ELISA plate reader (BioTek Synergy HT).
Bio-Layer Interferometry (BLI)
Bio-Layer Interferometry (BLI) experiments were performed on an Octet Red 96 (Pall/Fortebio) instrument at 25°C. Ni-NTA coated biosensors (Pall/Fortebio) were loaded with His6-tagged p97-N (55 µg/ml) in BLI buffer (50 mM KPi, pH 7.2 with 150 mM NaCl and 0.05 % Tween), followed by blocking with 1 % BSA. UBXD1-N titrations (0 -5 μM) in the absence and presence of different tweezers concentrations (0 µM, 0.5 µM, 5 µM and 50 µM) were performed. For each titration point, a control experiment at the same UBXD1-N concentration with buffer only in the loading step (no p97-N) was carried out and subtracted to account for remaining non-specific binding of UBXD1-N to the sensor surface. Furthermore, all data were referenced with p97-N loaded biosensors incubated in BLI buffer instead of UBXD1-N. Steady state data analysis was performed using the following steady state model for one-site binding: Figure SI2 : Domain structure and interaction sites of the hexameric p97 barrel. The valosin-containing protein (VCP)/p97 is an abundant AAA (ATPase associated with diverse cellular activities)-type ATPase. It is involved in multiple cellular functions such as cell cycle regulation and DNA repair, protein degradation by the ubiquitin-proteasome system and autophagy as well as protein sorting at the endosome. [21] [22] [23] Missense mutations in p97 cause a multisystem neuromuscular degenerative disease characterized by inclusion body myopathy associated with Paget's disease of the bone and frontotemporal dementia (IBMPFD) and amyotrophic lateral sclerosis (ALS). 24, 25 (a) Schematic presentation of p97 and its domain architecture. p97 acts as a macromolecular hexameric barrel complex. Each protomer consists of two AAA domains (D1 and D2) for ATP binding and hydrolysis (light/dark blue). The N-domain (green) at the N-terminus (p97-N) and the unstructured Cterminus of each protomer mediate the interaction of p97 with its adaptors and cofactors. The overall architecture of p97 can be described as two stacked hexameric rings formed by the D1-and D2-domains with the peripheral N-domain next to the D1-ring. 26 (b) Distinct cofactor proteins direct the p97 machinery to different tasks in the cell. One of these adaptors is UBXD1. The N-terminus of UBXD1 (UBXD1-N) exhibits two binding epitopes: a VCP interacting motif (VIM) which interacts with the VIM groove located on p97-N, and a binding site targeting the ND1-linker which connects the N-and D1-domain of p97. 1, 27 Arrows are highlighting the sites of interaction between p97 and UBXD1. As IBMPFD/ALS mutations of p97 differentially affect individual cofactors and lead to unbalanced p97-cofactor interactions, chemically modulating these interactions may represent a novel strategy to restore p97 function in the disease. 28, 29 
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Figure S5: Titration curves of different hydrogen phosphate tweezers:p97-N ratios with UBXD1-N. Fluorescence anisotropy was measured of ATTO-labelled UBXD1-N in the presence of different p97-N:tweezers ratios as indicated. The preferred tweezers binding sites on the surface of p97-N are mainly next two the ND1-linker and hence the tweezers turns the two site binding site of the UBXD1-p97 complex into a one site binding complex mediated by the VIM groove. For a better comparison in respect to the final one site binding state we decided to choose a one site specific binding fit (GraphPad Prism) also for the initial state. The affinity between UBXD1-N and p97-N ascends with increasing hydrogen phosphate tweezers concentrations. 
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Figure S7: CD spectra of p97-N with bound tweezers. CD spectra of 0.15 mg/ml p97-N in the absence (solid line) and in the presence of tweezers (dashed line) were recorded in 50 mM KPi, pH 7.2 at 25 °C with a CD spectrometer (J-710, Jasco). Secondary structure prediction from CD spectra by CDSSTR tool yields no significant changes in the secondary structure of p97-N upon binding of tweezers at sub-stoichiometric conditions. a Cp -Cp, Cm -Cm: intramolecular distances (Å) between the p-and m-carbon atoms, respectively in the last benzene units of each arm of the tweezers. b X -P: distance (Å) between the heavy atom of the lateral chain of Lys/Arg and the closest phosphorus atom of the tweezers. c ω: angle (°) formed by p-positions of the central benzene ring in tweezers and the X atoms described in b (for more details, see supplementary Figure S3 ). 
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Cartesian coordinates and QM energies of the inclusion complexes
Cartesian coordinates of the QM regions of the tweezers-amino acid inclusion complexes optimized at the QM/MM level of theory. Representative snapshot, the energy is given in Hartree. Only heavy atoms are reported.
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